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ABSTRACT Rapid production of protein-based tumor-
specific vaccines for the treatment of malignancies is possible
with the plant-based transient expression system described
here. We created a modified tobamoviral vector that encodes
the idiotype-specific single-chain Fv fragment (scFv) of the
immunoglobulin from the 38C13 mouse B cell lymphoma.
Infected Nicotiana benthamiana plants contain high levels of
secreted scFv protein in the extracellular compartment. This
material reacts with an anti-idiotype antibody by Western
blotting, ELISA, and affinity chromatography, suggesting that
the plant-produced 38C13 scFv protein is properly folded in
solution. Mice vaccinated with the affinity-purified 38C13
scFv generate >10 mgyml anti-idiotype immunoglobulins.
These mice were protected from challenge by a lethal dose of
the syngeneic 38C13 tumor, similar to mice immunized with
the native 38C13 IgM-keyhole limpet hemocyanin conjugate
vaccine. This rapid production system for generating tumor-
specific protein vaccines may provide a viable strategy for the
treatment of non-Hodgkin’s lymphoma.

Most B cell malignancies are incurable and are increasing in
frequency in the populations of industrial nations (1, 2).
Although B cell tumors are characterized by extreme variabil-
ity in treatment and prognosis (3), they share a common
feature that makes them ideal for the development of patient-
specific cancer vaccines. Each clone of malignant B cells
expresses a unique cell surface immunoglobulin (Ig)–a tumor-
specific marker. The tumor’s surface Ig, when made immuno-
genic by conjugation to keyhole limpet hemocyanin (KLH)
and administered with an adjuvant, has been used to vaccinate
patients in chemotherapy-induced remission (4, 5). When an
immune response is triggered by such vaccination, patients
have a superior clinical outcome (6, 7).

Unfortunately, Igs are difficult proteins to produce. Cur-
rently, Igs for patient therapies are created by fusion of tumor
cells to a transformed humanymouse heteromyeloma cell (8,
9). Hybridomas are screened for secreted patient tumor-
specific Ig and expanded for large-scale production of the
protein. Besides the labor and expense involved, a drawback of
hybridoma production systems is the unpredictable loss of
chromosomes and of tumor-specific Ig protein expression over
time. This phenomenon currently limits the application of the
therapy, in terms of both the quantity of vaccine per patient
and the total number of patients that can be treated. To expand
the scope of individualized non-Hodgkin’s lymphoma (NHL)
therapies, a source of abundant, safe, easily purified vaccine
needs to be generated in a time frame of weeks rather than
months or years.

An appealing alternative to multichain whole Ig vaccines is
singe-chain variable region (scFv) vaccines. Consisting of just
the hypervariable domains from the tumor-specific Ig, these
proteins recreate the antigen-binding site of the native Ig
(10–12), are a fraction of the size, and can be expressed in
several expression systems (13–17), including transgenic plants
(18–22). scFv vaccines, either as protein or DNA, are capable
of eliciting anti-idiotype-specific responses in animals (23, 24)
and are effective in blocking tumor progression in mouse
models of lymphoma (23).

To extend the application of scFv vaccines for human NHL
therapy, the expression systems used to produce individualized
protein vaccines must accommodate a wide range of sequences
and be capable of generating proteins that recapitulate the
conformation of the variable region as it is presented by the
malignant B cell. Although bacterial expression systems have
the advantages of speed and abundant production, they are
limited, in many instances, by their inability to produce prop-
erly folded soluble proteins without the need for denaturation
and renaturation. Baculovirus expression systems offer the
hope of better scFv solubility by driving expression through the
secretory pathways of insect cells (14, 25); however, virus
manipulation and growth of insect cells can be time consuming
and costly, making the system less suitable for expression of
tumor-specific scFv proteins.

We utilized a plant viral vector to transiently express an scFv
protein derived from the 38C13 mouse B cell lymphoma. This
viral system utilizes a hybrid tobacco mosaic virus (TMV) to
introduce mammalian gene sequences into whole plants. TMV
is a plus-strand RNA virus that replicates extrachromosomally,
moves quickly from cell to cell from a site of local infection,
and can redirect protein synthesis of host cells to express high
levels of proteins of interest throughout the plant (26). By
fusing a signal peptide sequence to the 38C13 scFv sequence,
expressed protein can be directed to the plant secretory
pathway, promoting proper protein folding and facilitating
subsequent purification. The lack of nuclear integration, cou-
pled to the kinetics of viral replication and protein expression,
has allowed us to produce large quantities of 38C13 scFv
protein within weeks of obtaining the gene. We show that
plant-derived protein is soluble, generates an antibody re-
sponse in vaccinated animals that is relevant to the tumor
idiotype, and is an effective vaccine in a murine tumor
challenge model of NHL.

MATERIALS AND METHODS

Cloning, Expression, and Purification 38C13 scFv in Plants.
PCR primers specific for murine 38C13 sequences [GenBank
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accession nos. X14096–X14099 (27)] were used to amplify the
38C13 scFv coding sequence as described (23). 38C13 scFv
insert was then cloned in-frame with the sequence encoding a
rice a-amylase signal peptide into a modified TTO1A vector
containing a hybrid fusion of TMV and tomato mosaic virus
(28) (Fig. 1). Capped infectious RNA was made in vitro from
1 mg of PmeI-linearized plasmid by using an SP6 message kit
from Ambion (Austin, TX). Synthesis of the approximately
7-kb message was quantified by gel electrophoresis. Approxi-
mately 2 mg of in vitro transcribed viral RNA was applied with
an abrasive to the lower leaves (approximately 1–2 cm in size)
of the tobacco-related species Nicotiana benthamiana as pre-
viously described (29). Subgenomic RNA encoding 38C13 scFv
is initiated after infection at the indicated transcription start
point (tsp; see Fig. 1).

Symptoms of infection were visible after 5–6 days as mild
leaf deformation, with some variable leaf mottling and growth
retardation. Eleven to 14 days after inoculation, leaf and stem
material was harvested, weighed, and then subjected to a
700-mmHg (93-kPa) vacuum for 2 min in infiltration buffer
(100 mM TriszHCl, pH 7.5y10 mM MgCl2y2 mM EDTA).
Secreted proteins were then recovered from infiltrated leaves
by mild centrifugation at 4,000 rpm (2,000 3 g; Beckman
JA-14) on supported nylon mesh discs (hereafter abbreviated
interstitial fraction or IF), then filtered through a 0.2-mm
membrane and stored at 280°C until purified. Ten microliters
of secreted material from 38C13 scFv-infected leaves was
separated by SDSyPAGE and stained by Coomassie brilliant
blue, or 1 ml was separated by SDSyPAGE and transferred and
analyzed by Western blotting using the 38C13-specific anti-
idiotype monoclonal antibody S1C5. Enzyme-linked immu-
nosorbent assays (ELISAs) were also performed on crude
samples as described below. IF was also processed under mild
reducing conditions in infiltration buffer containing 1 mM
ascorbic acid and 0.04% sodium metabisulfite. The 38C13 scFv
Cys2 form was created through PCR by altering the 59 primer
to omit the three nucleotides encoding the third amino acid of
38C13 scFv.

Protein Analysis and Purification. Protein levels were an-
alyzed by ELISA as follows. The 38C13 idiotype-specific
antibody S1C5 (30) was recovered from ascites fluid prepared
in nude mice by standard procedures, and purified by staph-
ylococcal protein A affinity chromatography. To detect plant-
derived scFv proteins by ELISA, plates (Nunc, MaxiSorp) were

coated overnight at 4°C with 2 mgyml S1C5 in carbonate buffer
(50 mM Na2CO3, pH 9), 50 ml per well. Plates were washed five
times in wash buffer (150 mM NaCly0.05% Triton X-100) and
incubated for 20 min at room temperature in blocking buffer
(100 mM TriszHCl, pH 7.5y0.5% Tween 20y2% BSA). Plates
were washed five times before incubation with 1:10 (volyvol)
starting dilutions of proteins in PBSy2% BSA. Bacterially
produced 38C13-myc scFv at 300 ngyml was used as a positive
control and for quantitation (23). After a 1-hr room temper-
ature incubation, plates were washed again five times, and
incubated 1 hr at room temperature with 1 mgyml protein
A-horseradish peroxidase (HRP; Sigma), which recognizes a
site in the heavy-chain variable (V) region of 38C13 scFv (31,
32). Plates were washed and then developed by a 10-min room
temperature incubation with 0.15% 2,29-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS; Sigma) in 100
mM sodium citrate buffer, pH 8.5y0.001% hydrogen peroxide.
Plates were read at 405 and 490 nm by an absorbance plate
reader (Molecular Devices) and the data were analyzed by
SOFTMAX.

SDSyPAGE was performed by a standard technique; 12%
gels were purchased precast (Novex, San Diego). To visualize
proteins, gels were stained for 1 hr in 0.2% Coomassie brilliant
blue (Sigma) in 50% methanol, destained for 2 hr in 10%
methanoly20% acetic acidy70% water, and air dried between
cellophane sheets (Bio-Rad). Silver staining was performed as
previously described (33). For Western analysis, proteins were
transferred from an SDS gel by semidry transfer (Janssen Life
Sciences) to nitrocellulose in standard Tris–glycine buffer with
20% methanol, 150 V for 1 hr. After transfer, blots were
treated for 20 min at room temperature with blocking buffer
(50 mM TriszHCl, pH 8y150 mM NaCly1 mM EDTAy2.5%
nonfat dry milky2.5% BSAy0.05% Tween 20) followed by 1-hr
incubation in blocking buffer plus 1 mgyml purified S1C5
antibody. After three 15-min washes (100 mM TriszHCl, pH
8y150 mM NaCly1 mM EDTAy0.1% Tween 20), blots were
incubated for 1 hr in blocking buffer plus 1 mgyml HRP-
conjugated goat anti-mouse IgG (Southern Biotechnology).
After three 15-min washes, Western blots were developed by
enhanced chemiluminescence (ECL; Amersham). Exposure
times were 1–5 sec.

For vaccination, crude secreted plant proteins were purified
by affinity chromatography. S1C5 antibody (10 mg) was cou-
pled to 1 g of CNBr Sepharose as described by the manufac-

FIG. 1. Schematic diagram of the viral expression vector used to produce murine 38C13 scFv NHL antigen in Nicotiana benthamiana host plants.
Shown are the sequences encoding rice a-amylase signal peptide fused in-frame to the SphI site (underlined), introduced by PCR, 59 of the 38C13
heavy chain. Also indicated in the linear map are the positions of the SP6 transcription start site, the 126-kDa, 183-kDa, and 30-kDa proteins from
TMV, and the tomato mosaic virus coat protein, as well as pBR322 sequences for bacterial propagation.
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turer (Pharmacia); all buffers for coupling, blocking, and
washing were endotoxin-free as determined by a Limulus
amebocyte assay (Associates of Cape Cod). Frozen plant
extracts were thawed on ice, refiltered, and found to contain
less than 0.06 endotoxin unityml. 38C13 scFv protein was then
applied to an S1C5 column in infiltration buffer, washed with
50 ml of PBS, and eluted as 1-ml fractions in endotoxin-free
50 mM triethanolamine, pH 12.6, directly into 100 ml of 2 M
TriszHCl buffer, pH 8. Fractions containing 38C13 scFv pro-
tein were analyzed by S1C5 ELISA as described above, pooled,
and dialyzed against PBS overnight, and S1C5 reactivity was
verified by SDSyPAGE and Western analysis. This method
yielded 38C13 scFv protein of approximately 90–95% purity as
determined by ELISA and total protein determination.

Molecular Analysis of 38C13 scFv. Total carbohydrate
analyses of 38C13 scFv and controls were performed by the
standard periodic acid–Schiff (PAS) method. Briefly, 10 mg of
38C13 IgM or 5 and 25 mg of HRP were separated on an
SDSy12% acrylamide gel alongside one lane of 5 mg and two
lanes of 25 mg of 38C13 scFv. The gel was divided at lane 6 (Fig.
5), which contained 25 mg of 38C13 scFv, and stained either by
PAS (lanes 1–6a) or by Coomassie brilliant blue (lanes 6b and
7). After staining and destaining, the gel was reassembled and
dried between two cellophane sheets.

N-terminal sequencing was performed on the 38C13 scFv
30-kDa dimer, which was further purified by Superose 12 HR
10y30 (Pharmacia) gel filtration after immunoaffinity purifi-
cation. Enriched fractions were separated by SDSyPAGE and
immobilized to a ProBlot (Applied Biosystems) membrane.
Coomassie-stained bands were independently excised from the
membrane and sent to the University of Michigan Protein
Structure Laboratory for N-terminal sequencing.

Animal Vaccination, Analysis, and Tumor Challenge. Pu-
rified 38C13 scFv protein, 15 mg alone, or with an additional
10 mg of QS-21 adjuvant (refs. 34 and 35; kindly provided by
Aquilla, Framingham, MA) in a total volume of 200 ml of PBS,
was used to vaccinate C3H mice (supplied by Harlan Sprague–
Dawley) subcutaneously (s.c.) in the rear flank at 2-week
intervals for a total of three vaccinations. Whole 38C13 IgM
was conjugated to KLH by glutaraldehyde cross-linking (36),
and 50 mg of 38C13 IgM-KLH was administered s.c. with
QS-21 concurrent with the second and third scFv vaccinations.
Vaccination with QS-21 alone was used as a negative control.
Vaccinated animals were bled through the tail vein, and their
responses to anti-38C13 serum were measured by anti-38C13
IgM ELISA 10 days after the second and third vaccinations as
previously described (23). Ig isotype analysis was performed on
pooled sera from each vaccine group after the third vaccina-
tion as described (23).

Two weeks after the last vaccination, animals were chal-
lenged with 200 38C13 tumor cells (37) that were grown and
prepared for intraperitoneal (i.p.) administration as follows.
Approximately 108 38C13 tumor cells were thawed, washed,
resuspended in 10 ml of RPMI medium 1640 (Mediatech,
Herndon, VA) supplemented with L-glutamine, 10% fetal calf
serum (FCS), 13 penicillinystreptomycin, and 50 mM 2-mer-
captoethanol, and grown in a 5% CO2y95% air atmosphere in
a 37°C humidified incubator. One day later, cells were split 1:50
(volyvol) into complete medium, and they were used the
following day for tumor challenge. Cells were harvested,
washed twice in RPMI medium to remove FCS, counted, and
resuspended in RPMI medium at 4 3 102 cells per ml; 0.5 ml
was administered i.p., yielding a total dose of 200 cells per
animal. After 2 weeks, animals were checked for visible
abdominal tumors, and they were checked daily thereafter for
mortality.

RESULTS

Cloning, Expression, and Purification of 38C13 scFv in
Plants. DNA encoding the 38C13 scFv was inserted into a

chimeric tobacco and tomato mosaic virus cDNA clone (28).
In this vector, a TMV coat protein subgenomic promoter,
upstream of the insertion site of the 38C13 scFv sequence,
directs initiation of the 38C13 subgenomic RNA synthesis in
plant cells at the transcription start point (tsp; Fig. 1). The rice
a-amylase signal peptide (38) is fused in-frame to the 38C13
scFv sequence and encodes a 31-aa peptide that targets
proteins to the secretory pathway (39) and is subsequently
cleaved off between the last Gly of the signal peptide and the
first Met of the expressed 38C13 scFv protein (in boldface, and
annotated as amino acid 1 in Fig. 1). Also shown in Fig. 1 is
the linear organization of the 11.2-kb plasmid in which the
TMV cDNA is maintained; an SP6 promoter has been intro-
duced upstream of the viral cDNA, allowing for transcription
of infective genomic plus-strand RNA. The sequence encoding
38C13 scFv has been introduced between the 30-kDa move-
ment protein and the tomato mosaic virus coat protein (Tcp)
genes. High levels of subgenomic RNAs are synthesized in
virus-infected plant cells (26), and they thus serve as templates
for the translation and subsequent accumulation of 38C13
protein.

Secreted proteins were isolated by vacuum infiltration,
centrifugation, and sterile filtration (IF extracts), and this
material was analyzed for the presence of 38C13 scFv protein.
SDSyPAGE of IF extracts showed strong Coomassie-stained
bands at approximately 30 and 60 kDa (Fig. 2, lane 2) that are
not present in an IF extract made from a control virus-infected
plant (Fig. 2, lane 1). Several assays were employed to quantify
expression and to determine whether the 38C13 scFv variable
regions adopt a conformation in solution similar to that of the
native IgM protein. S1C5, a monoclonal anti-idiotype antibody
that recognizes native 38C13 IgM (30) and bacterially pro-
duced 38C13 scFv (23), binds to a determinant created by the
association of heavy and light chains. This antibody reacts only
with 38C13 IgM, or its derivatives, under nonreducing condi-
tions, suggesting that the correct assembly of 38C13 variable
regions must occur for recognition. We used this antibody to
identify 38C13 scFv-specific bands in IF extracts by Western
blotting (Fig. 2, lane 4). No cross-reactivity to plant proteins
was seen in IF extracts prepared from control infected plants
(Fig. 2, lane 3). Both the 30- and 60-kDa bands react strongly
with S1C5 under nonreducing conditions, corresponding to the

FIG. 2. Protein analysis of N. benthamiana plants 2 weeks after
inoculation. Lanes 1 and 2, Coomassie-stained SDSyPAGE of IF
extract from viral constructs expressing rice a-amylase protein (lane 1)
or of 38C13 scFv IF extract (lane 2) run under nonreducing conditions.
Lanes 3 and 4, Western blot of a duplicate gel probed with anti-38C13-
specific monoclonal antibody S1C5 containing the control extract
(lane 3) or 38C13 scFv (lane 4). Lanes 5 and 6 show S1C5 Western blots
of 38C13 scFv-containing IF prepared under reducing conditions (but
separated by PAGE under nonreducing conditions) or IF containing
an 38C13 scFv protein that has no cysteine at amino acid 3. Lanes 7
and 8, Coomassie stain of the starting IF extract (lane 7) and of
single-pass, S1C5 affinity-purified 38C13 scFv protein (lane 8). Lane
9, silver stain of affinity-purified protein.
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correct sizes for scFv monomer and a spontaneously assem-
bling scFv dimer. A minor band at 40 kDa is also revealed by
S1C5 Western analysis, most likely caused by proteolysis of the
dimer. Mild disulfide reduction of crude extracts (Fig. 2, lane
5) or deletion of the cysteine at position 3 (lane 6) results in
a single band of 38C13 scFv monomers in crude IF material.

Approximately 90–95%-pure 38C13 scFv was recovered
from plant IF extract by S1C5 affinity chromatography as
determined by Coomassie and silver staining of SDSyPAGE.
Lanes 7 and 8 of Fig. 2 show a Coomassie stain of crude IF
before and after one-step purification of 38C13 scFv protein,
respectively. A weaker band of slightly slower mobility is seen
just above the 30-kDa band (double arrows in Fig. 2) by
Coomassie and Western analysis in crude and S1C5-purified
preparations, which is more clearly seen on a silver-stained gel
of S1C5-purified material (Fig. 2, lane 9). Purification of 38C13
scFv was carried out under endotoxin-free conditions by sterile
filtering plant extracts and using sterile-filtered and endotoxin-
free buffers in all chromatography steps. Filtered IF protein
extracts have very low endotoxin content initially (,0.06
endotoxin unityml; data not shown), and were considered
endotoxin free after purification.

The 38C13 scFv protein continues to accumulate in the IF
over the time period examined, 11–18 days, indicating that
both the viral vector and protein are stable (data not shown).
A summary of the purification results for two lots of 38C13
scFv is presented in Table 1. Plant-produced 38C13 scFv from
two independent infections was quantified by anti-idiotype
ELISA, and we found that IF extracts contain 20–60 mgyml
specific protein. By comparing quantitation by ELISA under
conditions that favor anti-idiotype recognition in solution to
quantitation by Coomassie and total protein determination
(data not shown) we conclude that the major fraction of 38C13
scFv is soluble and properly folded in plant IF extracts. Protein
yield is equivalent to or exceeds that of transgenic plants (18,
21, 22) and is similar to that of an scFv that has been optimized
for expression in bacteria (40).

Animal Vaccination, Analysis, and Tumor Challenge. To
determine if the plant-produced 38C13 scFv can elicit an
anti-38C13 response and protect animals from 38C13 tumor
challenge, we vaccinated C3H mice with 38C13 scFv protein,
using a vaccination schedule that has been shown to be
sufficient for tumor protection in a study with bacterially
expressed 38C13 scFv (23). However, whereas the protein used
by Hakim, et al. (23) included an immunoenhancing 9-aa
peptide from interleukin 1b (41), we tested 38C13 scFv
without the interleukin 1b peptide. The vaccine was admin-
istered in either the presence or the absence of QS-21 adjuvant,
a purified derivative of saponin (34) that is now in use in some
clinical vaccine treatments (42, 43). As a positive control, mice
were vaccinated s.c. with 38C13 IgM coupled to KLH along
with QS-21 concurrent with the second and third scFv vacci-
nations. Control animals received QS-21 in PBS.

Specific anti-38C13 responses were detected by ELISA 10
days after the second (data not shown) and third vaccinations
in sera of immunized mice (Fig. 3). After the third vaccination,
the average IgG1 anti-38C13 titers increased from 3 to 21.6
mgyml in animals receiving 38C13 scFv alone, and to 105
mgyml with co-administration of QS-21 (Fig. 3, hatched bars).
Anti-38C13 titers in mice vaccinated with 38C13 IgM-KLH 1
QS-21 were measured at 116 mgyml. Administration of 38C13

scFv with QS-21 not only induced higher levels of antibody
responses but also induced an IgG2a isotype response (13
mgyml), which is similar to that seen for mice vaccinated with
38C13 IgM-KLH 1 QS-21 (Fig. 3, solid bars). Antibody titers
of the IgG2a class have been correlated with augmented tumor
protection; however, sufficient IgG1 responses can also be
protective (44).

To assess the ability of the immune response to protect
animals from tumor challenge, 38C13 tumor cells were in-
jected into vaccinated mice or control animals 2 weeks after
the third vaccination, and survival was monitored for 60 days
thereafter (Fig. 4). Animals receiving QS-21 alone developed
palpable abdominal tumors 15 days after implantation and
died within 21 days. 38C13 scFv vaccine groups were statisti-
cally different from QS-21 alone (P , 0.00001). Animals
receiving two vaccinations of 38C13 IgM-KLH 1 QS-21, the
‘‘gold standard’’ for idiotype vaccinations, gave 80% survival
60 days after tumor challenge. Groups of mice receiving
plant-produced vaccine, either 38C13 scFv alone or 38C13
scFv 1 QS-21, showed a high degree of protection (70% and
90% survival 60 days after tumor challenge, respectively). The
protective responses induced by plant-produced vaccines were
statistically equivalent to the response of the gold standard
(see tabulation within Fig. 4). Despite the lower levels of

FIG. 3. Anti-38C13 titers in vaccinated animals. Ten days after the
third vaccination, serum from each group of 10 C3H mice vaccinated
with 38C13 scFv in the absence or presence of the adjuvant QS-21, or
with 38C13-IgM coupled to KLH and injected with QS-21, was pooled
and analyzed with the native 38C13 IgM as the target. Anti-38C13
IgG1 and IgG2a serum levels were quantitated by comparison with
purified isotype-specific mouse anti-38C13 standards. Concentrations
of IgG1 (hatched bars) and IgG2a (solid bars) are shown for all three
38C13 vaccine groups. No detectable anti-38C13 was measured in the
control QS-21 vaccine group.

FIG. 4. Mice immunized with plant-derived scFv protein are
protected from tumor challenge. Tumor protection was measured
from the time of tumor implantation (day 0) and is plotted as percent
survival. These results are representative of two experiments. While all
vaccinated groups statistically differed from the susceptible control
(P , 0.00001), there was no statistical segregation among vaccinated
groups (see tabulation in the graph).

Table 1. Purification of scFv proteins

Harvest
time

Leaf wt
(wet), g

IF vol,
ml

scFv recovered,
mgyml

Equivalent wt
in plant,
mgykg

Day 11 205 110 22.95 12.3
Day 14 206 100 62.20 30.2
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antibody responses in the mice vaccinated with 38C13 scFv,
compared with mice vaccinated with either 38C13 scFv 1
QS-21 or 38C13 IgM-KLH, and despite the lack of IgG2a
isotype, the mice receiving 38C13 scFv were protected equally
well from tumor challenge. Immune serum from mice immu-
nized with 38C13 scFv was used in a Western analysis on IF or
purified 38C13 scFv; only monomer and dimer 38C13 scFv
proteins were visualized, suggesting that the 38C13 scFv, not
some plant contaminant, constituted the effective vaccine
(data not shown).

Molecular Analysis of the scFv Protein. Some plant glycans
contain potentially immunogenic N-linked monosaccharides
covalently attached to the chitobiose core (a1–3 fucose and
b1–2 xylose) (45). Although there are no canonical N-
glycosylation sites on 38C13 variable regions, alternative N-
glycosylation site usage could not be ruled out. Therefore we
performed total carbohydrate analysis of SDS-separated pro-
teins by using PAS (Fig. 5). 38C13 IgM, which has five
N-glycosylated sites (46), and HRP, which has one N-
glycosylated site (47), were used as positive controls. PAS-
positive material is detected in a lane containing 10 mg of
38C13 IgM (lane 1). Five and 25 mg of HRP (lanes 2 and 3) also
show PAS-reactive bands at the expected molecular mass of 44
kDa, suggesting that a single N-linked carbohydrate molecule
can clearly be detected at these protein concentrations. No
PAS reactivity is seen with 5 or 25 mg of plant-produced scFv
protein (lanes 4 and 5). Lane 6 has been split and shows both
PAS stain (a) and Coomassie stain (b) of 25 mg of scFv; only
Coomassie reactivity of 38C13 scFv appears in the expected
position. Additionally, analysis kindly performed by Glyko
(Novato, CA) found no O-linked carbohydrates in plant-
produced scFv protein (data not shown).

To determine whether incomplete cleavage of the signal
peptide might be the source of immunogenicity, the N-
terminal region of both molecules in the 30-kDa region were
sequenced (data not shown). Both species had the same Met
start (amino acid 1) as shown in Fig. 1.

DISCUSSION

We present here evidence that a transient tobamoviral infec-
tion can successfully drive whole plant expression of a soluble
scFv protein. Although scFv proteins have been produced by
transgenic technology (18–22), we know of no other report of

such immunogens being rapidly produced in plants by transient
viral expression. In contrast to conventional plant transgenic
approaches, which can take months or years, plant samples
expressing the desired protein were positively identified by
both ELISA and Western analysis approximately 4 weeks after
molecular cloning. Because of the speed of expression and ease
of isolation of proteins from enriched secretory fractions, our
approach represents a dramatic improvement in the efficiency
of producing complex, biologically active proteins in plants.

Recombinant production of properly folded scFv protein is
a major advantage of the viral plant expression system. The
literature cites many examples of proteins that can be refolded
by denaturationyrenaturation; however, in many cases only a
small fraction of the protein adopts the correct conformation,
a conformation that can be selected for by antigen affinity
purification. scFv proteins that will be used for patient-specific
vaccination will not be characterized, or purified, by antigen
binding; therefore correct conformation in solution is ex-
tremely important to the successful application of scFv vac-
cines for human use. In our experience, scFv proteins that were
not soluble or secreted from bacteria failed to react with
anti-idiotype antibodies in solution, suggesting that they were
not forming antigen-binding sites that were similar to those
presented by the tumor cells. Two scFv proteins [one derived
from BCL-1 (48) and one derived from human CJ sequences
(17)] that were not soluble after expression in bacteria have
been made by transient expression in plants, and both proteins
are soluble, secreted, and react with anti-idiotype antibodies in
solution (data not shown).

We have succeeded in rapid production of the murine 38C13
scFv, but more importantly, by both antibody responses in
vaccinated mice and survival in a lethal tumor challenge, the
conformation of the protein is relevant to the tumor idiotype.
Molecular analysis has suggested that immunogenicity of the
vaccine is not due to improper cleavage of the a-amylase signal
peptide, based on N-terminal sequencing, nor is it likely due to
the presence of immunogenic plant sugars, since 38C13 scFv
protein is devoid of carbohydrate by several tests. The con-
formation of the 38C13 scFv protein in solution, as a dimer or
multimer, may be an important determinant in generating
immune responses in mice that are relevant to the tumor
idiotype. Other studies comparing monomeric or oligomeric
gp120 from HIV I have also shown that the oligomeric vaccine,
which more closely resembles the viral presentation of gp120,
is more effective in generating protective immune responses
(49). Similarly, nonimmunogenic T cell epitopes could be
made immunogenic by linear homopolymerization (50). In
further support of this hypothesis, neither the monomeric
38C13 scFv made in bacteria [without the interleukin 1b tag
(23)] nor the monomeric 38C13 scFv Cys2 form produced in
plants generates anti-idiotype reactivity in vaccinated mice
(data not shown). These data suggest that presentation of the
variable regions in a multimeric form, similar to that found on
the surface of a B cell, may be a key to generating scFv vaccine
efficacy. In addition, coadministration of immunostimulatory
peptides and cytokines may enhance the vaccine efficacy above
that of the current Ig vaccine.

The demonstrated ability of nontransgenic plants to produce
functional scFv proteins quickly, abundantly, and in the correct
conformation, may enable the treatment of human lymphomas
through effective immunotherapy, and has broad-range impli-
cations for the production of other, medically important scFv
proteins.

Excellent technical assistance was provided by Sherri Wykoff, Dave
Clary, and Rhonda Bransteitter at Biosource. Thanks also go to the all
the members of the Levy lab for advice and support for this project.
This work was supported in part by Public Heath Service Grants
CA33399 and AI37219, and R.L. is an American Cancer Society
Clinical Research Professor.

FIG. 5. Plant-produced 38C13 scFv does not contain carbohy-
drates. PAS stain was used to reveal the total carbohydrate content of
10 mg of 38C13 IgM (lane 1) or 5 and 25 mg of HRP (lanes 2 and 3)
but not in 5 or 25 mg of 38C13 scFv made in plants (lanes 4, 5, and 6a).
Coomassie staining was done in parallel on lane 6b, which contains 25
mg of 38C13 scFv, as well as on size standards (lane 7, in kDa) as
indicated.
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